During cardiopulmonary bypass the partial pressure of carbon dioxide in oxygenator arterial blood (P a CO 2 ) can be estimated from the partial pressure of gas exhausting from the oxygenator (P E CO 2 ). Our hypothesis is that P E CO 2 may be used to estimate P a CO 2 with limits of agreement within 7 mmHg above and below the bias. (This is the reported relationship between arterial and end-tidal carbon dioxide during positive pressure ventilation in supine patients.)
It has been suggested that continuous monitoring of the partial pressure of carbon dioxide in arterial blood (P a CO 2 ) during cardiopulmonary bypass (CPB) is useful for patient safety 1 . This may be achieved with the use of an in-line sensor, but in many parts of the world this has not been widely adopted, possibly because it is considered prohibitively expensive. It has also been suggested 2 that continuous estimation of P a CO 2 might be achieved by using a capnograph to measure the partial pressure of carbon dioxide in gas that has passed through the oxygenator (P E CO 2 ). In order for this to be considered clinically relevant, we propose that end-oxygenator capnography should be at least as accurate an estimation of P a CO 2 as endtidal capnography during positive pressure ventilation, which has been reported to have a bias of -6 mmHg and 95% limits of agreement between +1 and -13 mmHg when compared to arterial carbon dioxide concentration in supine patients 3 . It is the hypothesis of this study that end-oxygenator capnography estimates P a CO 2 during CPB with a similar degree of accuracy, with limits of agreement within ±7 mmHg.
METHODS
We studied consecutive adult patients undergoing elective cardiac surgery using hypothermic cardiopulmonary bypass. Surgery included both cardiac bypass grafts and valve replacement. Institutional approval for the study was obtained. The study was approved without requiring informed consent for the research since all the procedures were part of the routine clinical care in our medical centre and involved no additional risks or interventions and it was considered that there was no threat to patient confidentiality. Patients younger than 18 years of age were excluded from the study. Following premedication with lorazepam 1-2 mg orally, morphine 0.1 mg/kg and promethazine 25 mg by intramuscular injection, anaesthesia was induced with fentanyl 10 µg/kg and propofol 50-100 mg. Muscle relaxation was obtained with pancuronium 8 mg and anaesthesia was maintained using isoflurane 1-1.5% in an oxygen/air mixture with a minimum FiO 2 of 0.4.
During cardiopulmonary bypass (CPB) a roller pump was used to perfuse the patient via a membrane oxygenator (Terumo Capiox SX 18, Terumo Corporation, Tokyo, Japan). The integral heat exchanger was used to induce moderate hypothermia (28-32°C measured at the nasopharynx, depending on indication and surgeon preference). Isoflurane in 100% oxygen was used to insufflate the oxygenator during CPB. Pump flow was 2.4 l/m 2 during normothermia and 1.5 l/m 2 at 28°C. Gas flow through the oxygenator was adjusted to maintain the laboratory-measured blood gas P a CO 2 at 40 mmHg (i.e. alpha-stat management of CPB).
Continuous measurement of P E CO 2 during CBP was performed by connecting the catheter of a side stream capnograph (Datex-Ohmeda AS3, Datex-Ohmeda, Helsinki, Finland) end to side to the oxygenator exhaust, using a short length of silicone rubber tubing and a disposable Luer-Lok T-connector. Care was taken to avoid any possibility of occlusion of the oxygenator exhaust to prevent the possibility of gas embolus. In addition, care was taken to avoid subatmospheric pressures and gas entrainment at the sampling site, by avoiding excessive scavenge suction. The calibration of the capnograph was limited to the manufacturer's routine recommendations. Blood samples were taken from the arterial port of the oxygenator during the cooling phase of bypass, and every 30 minutes until rewarming. The final measurement was taken during rewarming when the nasopharyngeal temperature reached 30°C. Measurements recorded at the time of each blood gas sample were oxygenator arterial blood temperature, the P a CO 2 measured by the laboratory (P a CO 2lab ), and P E CO 2 The blood gas sample was measured within 10 minutes, without refrigeration, in an accredited laboratory using a blood-gas analyser (Radiometer ABL 725, Radiometer Medical A/S Copenhagen, Denmark) set to measure at 37°C. On the days the experiments were conducted, control PCO 2 measurements were a mean of 0.6 mmHg less than expected, with a standard deviation of 0.6 mmHg, and coefficient of variation of 1.5%. Temperatures were measured by thermistor (Mon-a-therm, Mallinckrodt Medical, Chesterfield, MO U.S.A.).
We estimated the P a CO 2 of blood leaving the oxygenator by temperature correcting the laboratory measured blood gases using the formula for temperature correction determined by Kelman et al 4 .
where T is the temperature of blood leaving the oxygenator, P a CO 2 is the partial pressure of carbon dioxide in blood leaving the oxygenator P a CO 2lab is the partial pressure of carbon dioxide in the laboratory-measured sample. A Bland and Altman plot 5, 6 was used to determine if a valid bias and limits of agreement could be determined. For each simultaneous pair of measurements the difference (P E CO 2 -P a CO 2 ) and mean ((P E CO 2 + P a CO 2 )/2) was calculated. The bias was the mean difference, and the limits of agreement were two standard deviations of the difference either side of the bias. A Bland and Altman comparison of two methods of measurement is only valid if neither the difference nor the scatter of values change with increasing value of the mean of the two measurements. To test for this requirement simple linear regression was performed with mean (P E CO 2 -P a CO 2 ) as the dependent variable, and (P E CO 2 +P a CO 2 )/2 as the independent. Because this requirement was not met by our data, even after logarithmic transformation, bias and limits of agreement were calculated for groups of data at low, medium and high CO 2 levels. Alpha was set at 0.05.
Although a Bland and Altman analysis is generally considered superior for comparison of methods studies, we also, for completeness, calculated the Pearson correlation coefficient between P E CO 2 and P a CO 2 .
RESULTS
Data and a total of 80 samples were collected from 32 patients. The temperature of oxygenator arterial blood at the time that samples were taken ranged from 18.8 to 38.5°C with a mean of 30.5°C. The mean P a CO 2lab was 39.1 mmHg, with standard deviation (SD) of 4.4 mmHg. The mean P a CO 2 was 29.8 mmHg with SD 6.2. The mean P E CO 2 was 29.2 mmHg with SD 7.2.
The mean (P E CO 2 -P a CO 2 ) was -0.6 mmHg, with SD of 2.2 mmHg. Limits of agreement estimated from these results lie between -5 to +4 mmHg. However a Bland and Altman analysis should not be uncritically applied to this data because (P E CO 2 -P a CO 2 ) increased with ((P E CO 2 +P a CO 2 )/2) from negative to positive values. This implies that P E CO 2 tends to underestimate P a CO 2 at low levels of CO 2 , and tends to overestimate P a CO 2 at high levels. Figure 1 demonstrates this graphically. The regression coefficient for (P E CO 2 -P a CO 2 ) vs ((P E CO 2 +P a CO 2 )/2) was 0.14 mmHg/mmHg, with standard error 0.034; r 2 was 0.17 (P<0.0001). This association persisted despite logarithmic transformation of the data.
After dividing the data into groups with low, middle and high levels of ((P E CO 2 +P a CO 2 )/2), the bias and limits of agreement were determined for each group. For the lowest third of ((P E CO 2 + P a CO 2 )/2) (from 16.3 to 26.9 mmHg, n=37) the bias was -1.2 mmHg, with limits of agreement -4.6 to +2.1 mmHg, for the middle third of ((P E CO 2 + P a CO 2 )/2) (from 27 to 37.3 mmHg, n=31), the bias was -0.6 mmHg with limits of agreement -5.2 to +4.3 mmHg, and for the upper third (from 37.4 to 47.9 mmHg, n=12) the bias was +0.8 mmHg with limits of agreement -4.5 to +6.1 mmHg. We could therefore expect 95% of all P E CO 2 readings to lie between -5 (the lowest limit of agreement calculated) to +6 mmHg (the highest limit of agreement calculated). The absolute value of the bias was <1.3 mmHg regardless of sub-group.
The correlation between P a CO 2 and P E CO 2 is shown in Figure 2 . The Pearson correlation coefficient was 0.95.
DISCUSSION
The results show that the mean P E CO 2 is within 1.3 mmHg of P a CO 2 although with a tendency to underestimate at low levels of P a CO 2 , and overestimate at high levels of P a CO 2 . The scatter of results around the mean suggests that 95% of all P E CO 2 measurements will be within 6 mmHg of P a CO 2 . This is a similar relationship to that which exists between end-tidal CO 2 and arterial CO 2 in supine patients undergoing positive pressure ventilation 3 .
Our observations were taken over the range of temperatures experienced during cardiopulmonary bypass under moderate hypothermia, including during cooling, stable hypothermia, and rewarming. Clinical application of these methods is straightforward. Capnography for the trial was provided by standard anaesthetic monitors which did not undergo any special calibration procedures and modern oxygenator design allows easy measurement of arterial temperature.
We recognize that we only used one type of oxygenator during this study, and there is a possibility that these results may be peculiar to that type of oxygenator. However, several other oxygenators have been examined in previous studies, with similar 459 CONTINUOUS ESTIMATION OF P a CO 2 DURING CPB Anaesthesia and Intensive Care, Vol. 33, No. 4, August 2005 FIGURE 1: Bland and Altman plot comparing the mean of arterial partial pressure of carbon dioxide (P a CO 2 ) and oxygenator exhaust partial pressure of carbon dioxide (P E CO 2 vs the difference between P E CO 2 and P a CO 2 . P a CO 2 =Arterial partial pressure of carbon dioxide measured at 37°C and corrected to the temperature of oxygenator arterial blood. P E CO 2 =partial pressure of carbon dioxide in oxygenator exhaust gas.
(PECO2+PaCO2)/2 mmHg (PECO2-PaCO2)/2 mmHg PaCO2 mmHg PECO2 mmHg FIGURE 2: Relationship between the arterial partial pressure of carbon dioxide (P a CO 2 ) and oxygenator exhaust partial pressure of carbon dioxide (P E CO 2 ). P a CO 2 =arterial partial pressure of carbon dioxide measured at 37°C and corrected to the temperature of oxygenator arterial temperature. P E CO 2 =partial pressure of carbon dioxide in oxygenator exhaust gas.
results. The oxygenators included the Travenol Sci-Med 7 , the Dideco Compactflo 8 , Medtronic Maxima 8, Cobe CML 8 , Sorin Monolyth 9 , Bard HF5701 10 , and Medtronic Affinity NT 11 . Only one previous study 12 has not confirmed this relationship, but the negative result in this study may have been because arterial blood gases were corrected to nasopharyngeal temperature instead of blood temperature 13 .
Because accurate control of P a CO 2 is required during cardiopulmonary bypass, oxygenator exhaust capnography should not be used to replace intermittent arterial blood gas sampling or continuous in-line measurement if available. P E CO 2 may be used as a guide to P a CO 2 that is at least as accurate as end-tidal capnography in anaesthetized patients.
We have shown that oxygenator exhaust gas can be used to estimate P a CO 2 within 6 mmHg during the cooling, stable hypothermia and warming phases of cardiopulmonary bypass. It is therefore possible, where in-line blood gas measurement is not practical, to have useful information about P a CO 2 during the period between blood gas samples. This may be of particular relevance during the cooling and warming periods of cardiopulmonary bypass when the patient's metabolic activity, oxygenator blood flow, and oxygenator gas flow are all rapidly changing. It might also be useful to detect excessive absorption of carbon dioxide when this gas is used in the surgical field. Oxygenator exhaust capnography may also help in the diagnosis and prevention of critical incidents such as disconnection of the gas supply, or leaks in the gas delivery circuit. If the capnograph is a multi-purpose gas analysing unit, the values for oxygen, nitrogen and volatile agent may also be clinically useful. Oxygen measurement can continuously confirm the flow of respirable gases through the oxygenator and the adequacy of the concentration of oxygen. Even where inline blood gas measurement is used, oxygenator exhaust gas analysis will provide additional information that may be useful in the management of critical incidents.
To interpret oxygenator exhaust capnograpy it is not necessary to perform bedside calculations. It is only necessary to know, in advance, what P a CO 2 is required to produce an alpha-stat P a CO 2 of 40 mmHg at the various arterial temperatures likely to be encountered during bypass. This data is presented in Table 1 where Kelman and Nunn's correction has been used to describe the P a CO 2 required to produce a laboratory-blood-gas-measured P a CO 2 of 40 mmHg at 37°C. It is an aid to memory that the actual P a CO 2 and the temperature in °C are numerically similar. Additional accuracy may be gained by knowing that the method tends to underestimate at low levels of P a CO 2 and overestimate at higher levels of P a CO 2 . It should be noted that the CO 2 in the expiratory gas from the oxygenator is in constant equilibrium with the blood in the oxygenator, thus giving a constant level on the capnograph (in contrast to the phasic capnograph trace seen with IPPV).
Oxygenator exhaust capnography could be used during cardiopulmonary bypass whenever a suitable oxygenator is used. Exhaust capnography is a realtime indicator of P a CO 2 confirms adequate elimination of carbon dioxide in the intervals between blood gas measurements, and is likely to aid in the diagnosis and management of critical incidents during cardiopulmonary bypass.
In conclusion this study has shown that during cardiopulmonary bypass, oxygenator-exhaust capnography may be used to estimate the arterial P a CO 2 , with minimal bias, and accuracy plus or minus 6 mmHg. Footnote: Estimated using the Kelman and Nunn formula (2) . PaCO2=arterial partial pressure of carbon dioxide.
